Finding appropriate systems with a large spin splitting of metallic surface-state band which can be fabricated on silicon using routine technique is an essential step in combining Rashba-effect based spintronics with silicon technology. We have found that originally poor structural and electronic properties of the Au=Si 111 ð Þ ffiffi ffi 3 p | ffiffi ffi 3 p surface can be substantially improved by adsorbing small amounts of suitable species (e.g., Tl, In, Na, Cs). The resultant surfaces exhibit a highly-ordered atomic structure and spin-split metallic surface-state band with a momentum splitting of up to 0.052 Å 21 and an energy splitting of up to 190 meV at the Fermi level. The family of adsorbate-modified Au=Si 111 ð Þ ffiffi ffi 3 p | ffiffi ffi 3 p surfaces, on the one hand, is thought to be a fascinating playground for exploring spin-splitting effects in the metal monolayers on a semiconductor and, on the other hand, expands greatly the list of material systems prospective for spintronics applications.
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G eneration of spin-polarized electrons on the basis of Rashba spin splitting in the two-dimensional electron-gas systems on semiconductors is considered to be an essential step in developing semiconductor spintronics applications 1 . To reach the goal, three requirements have to be satisfied as follows. First, spin splitting should be large enough to allow operations of the device at room temperature. Second, the surface-state band has to be metallic to allow significant spin transport. Third, the substrate should be a semiconductor as a large bulk current in metallic substrate would sweep off the surface spin signal. In addition, due to device application reasons it is highly desirable that the substrate would be a silicon, the most widely used semiconductor material. The last demand is that the structure could be easily fabricated using routine technique, e.g., molecular beam epitaxy.
The last decade has been marked by the step-by-step progress in this direction. The surface Rashba effect was first found on the metal surfaces like Au(111) 2, 3 and Bi(111) 4,5 and a giant spin splitting was detected on Bicovered Ag(111) 6, 7 . The latter finding indicates that a large spin splitting is possible (and even enhances) when only a monolayer of a heavy element is placed on a surface of a light element. This discovery stimulated expanding the search area to semiconductor surfaces such as Si and Ge covered by heavy-metal monolayers. Large Rashba splitting has been found on Bi/Si(111) [8] [9] [10] , Bi/Ge(111) 11 , Tl/Si(111) 12, 13 , and Pt/Si(110) 14 . In the present study, we have revealed that the above effect is not a peculiar feature of only In, but is a common trait for a set of adsorbate species (e.g., Na, Cs, and Tl). Scanning tunneling microscopy (STM) and low-energy electron diffraction (LEED) observations have shown that adsorption of each above mentioned species onto the Au=Si 111
produces a homogeneous well-ordered surface. In addition, angle-resolved photoelectron spectroscopy (ARPES) and spin-resolved ARPES data as well as first-principles calculations clearly demonstrate occurrence of the well-defined metallic surfacestate band with a large spin splitting. Thus, finding such a family of adsorbate-modified Au/Si(111) systems (having the same ffiffi ffi 3 p | ffiffi ffi 3 p reconstruction) paves a way to combine Rashba-effect based spintronics with a silicon technology.
Results

Figure 1a illustrates structural and electronic properties of the pristine Au=Si 111
ð Þ ffiffi ffi
One can see that the main characteristic structural feature of the surface is a disordered meandering domain-wall network 28 . Such a surface displays the ffiffi ffi 3 p | ffiffi ffi 3 p LEED pattern with cloudlike diffraction streaks in between ffiffi ffi 3 p spots 27, 29 . As for its electronic properties, the surface is known to be metallic 29 , but its metallicity is not strongly expressed: the surface-state spectral features are smeared due to the domain walls and electron filling of the metallic S 1 surface band is rather low, ,0.1 electrons per unit cell 27 . In the ARPES spectra, the S 1 band is invisible in the first surface Brillouin zone (SBZ) (Fig. 1a) and its faint traces can be detected only in the higher SBZs 27 . Adding 0.15 6 0.05 ML of Tl, In, Na or Cs atoms to this surface produces strong effect on its structure, namely, the domain walls disappear and homogeneous well-ordered surface forms (Fig. 1b-d,  upper panel) . Consequently, a sharp ffiffi ffi 3 p | ffiffi ffi 3 p LEED pattern without any other features develops (not shown). STM observations reveal that the adsorbed species are present at the surface as adatoms which are mobile at room temperature but can be frozen at fixed positions by cooling the sample down to ,100 K (except for Cs atoms which motion is frozen only at ,30 K).
ARPES observations demonstrate that upon adding adsorbates (Fig. 1b-d , lower panel) all spectral features of the initial Au=Si 111
ð Þ ffiffi ffi 3 p | ffiffi ffi 3 p surface are preserved but become noticeably sharp due to removal of domain walls. All bands are shifted down towards the higher binding energy and the well-defined metallic S 1 surface state band develops (being clearly seen even in the first SBZ). Electron filling of the S 1 band increases three to seven times (up to ,0.3-0.7 electrons per unit cell). Next important feature is that the metallic S 1 surface state is split. The splitting being modest along the C-K direction becomes substantial along the C-M direction (Fig. 2a) . To reveal a spin-split character of the metallic surface states, we have performed the spin-resolved ARPES measurement on Tl-adsorbed system. Figure 2b shows the spin-resolved energy distribution curves of S ,100 meV to ,190 meV. From the graph shown in Fig. 3b one can conclude that the splitting value is essentially controlled by position of the Fermi level, i.e., by the electron filling of the S 1 band. The concept is illustrated in Fig. 3c where the experimental dots from Fig. 3c) . Position of Fermi level also varies slightly depending on concentration of a given adsorbate. Figure 4a shows the ARPES Fermi surface of the Tl-adsorbed Au=Si 111 ð Þ ffiffi ffi
. One can clearly see the two Fermi contours of which the outer (corresponding to the S B 1 band) has an almost circular shape while the inner (corresponding to the S A 1 band) has a shape of a smoothed hexagon. As the hexagon corners lies at the C-K directions, these are the directions of the minimal splitting, while the greatest splitting is at the hexagon sides (i.e., along the C-M directions). One can see that the calculated constant energy contours (Fig. 4b) properly reproduce all the principal features of the experimentally derived Fermi surface map. The only small deviation that can be noticed is the discrepancy between the calculated and experimental splitting along the C-K direction where theory yields slightly underestimated value (Fig. 4c) . www.nature.com/scientificreports directions, which is intrinsic feature of the Rashba-split surface states at hexagonal surfaces 12 . The detailed spin texture is illustrated in Fig. 4d. Figure 4d (Fig. 4d, lower panel) remains almost constant in the wide area near the C-M directions and abruptly changes its sign going through zero while crossing the C-K directions. As a result, spin has a fully in-plane alignment there. The calculations have also revealed that changing the Fermi level position affects the spin texture of the S 1 band. Upon the downward shift of the Fermi level from its highest position, corresponding to Tladsorbed surface to its lowest position obtained on Cs-modified Au/ Si(111) surface (see pink stripe in Fig. 3c ) the maximal deviation of the in-plane spin component from a purely tangential increases up to ,24u for the S 
Discussion
Our results show that chemically very different species, alkali metals, Na and Cs, and heavy group-III metals, In and Tl, when being adsorbed onto the Au=Si 111 ð Þ ffiffi ffi 3 p | ffiffi ffi 3 p surface, affect its structural and electronic properties in a very similar way, namely, eliminate domain walls and donate electrons to the metallic S 1 surface state band. DFT calculations for In-adsorbed surface 26 showed that removal of domain walls is due to a stress-relieving effect produced by In adsorption. However, origin of this effect was not disclosed. Typically, surface lattice stress changes when foreign atoms become incorporated directly into the lattice and the greater the size difference between the host and foreign atoms the greater the stress. This typical scenario is apparently not held for the present case where foreign adatoms are not incorporated into the lattice and their atomic size does not play a decisive role. As an alternative, we suggest that adsorbates can affect the surface lattice stress by donating electrons to the substrate surface layer. As a result, the top layer possesses a non-compensated charge which means adding a Coulomb repulsion term into the interactions between surface atoms, hence changing the surface stress.
We have found a number of adsorbate species (Tl, In, Na, and Cs) which make the Au=Si 111 ð Þ ffiffi ffi 3 p | ffiffi ffi 3 p surface suitable for observing significant spin-orbit splitting. We believe that the list of such adsorbates can be extended (at least, at the expense of the left alkali metals). The main requirements for candidate species seem to be as follows. First, they are metals that could easily donate a sufficient amount of electrons to the surface state band. This could be attained with species like monovalent alkali metals with high electropositivity and/or species having several valent electrons, as Group-III metals. In this respect, it is worth noting the very recent finding that extra Au or Ge atoms produce a similar doping effect on Au=Ge 111 ð Þ ffiffi ffi 3 p | ffiffi ffi 3 p surface 30 , thus extending further the list of possible candidate species. Second, they have to preserve the original Au trimer structure (which is believed to be responsible for the spin-splitting effect 18 ) or, in other words, they should not form 2D alloys with Au on Si(111) surface. For example, in contrast to In and Tl, the other group-III metals, Al and Ga, are not suitable, as they form binary reconstructions with Au, Au,Al ð Þ=Si 111 ð Þ3 ffiffi ffi 3 p |3 ffiffi ffi
